I dentifying significant coronary artery stenosis by noninvasive means is important but challenging. Although various imaging techniques, including single-photon emission computed tomography, stress echocardiography, and magnetic resonance imaging are routinely engaged for this purpose, a recent meta-analysis suggests that the diagnostic performance of positron emission tomography (PET) exceeds that of other noninvasive modalities.
imaging by single-photon emission computed tomography or by computed tomography, PET enables quantitative measurement of absolute myocardial blood flow (MBF) in both resting and stress conditions, 2, 3 overcoming limitations of other myocardial perfusion imaging methods that assume normal reference-level perfusion when assessing relative myocardial perfusion declines. 4 PET is regarded as the most robust modality for MBF quantification, which recent data indicate adjunctively enhances the diagnostic value of relative perfusion defect (PD). 4, 5 
See Editorial by Johnson and Gould See Clinical Perspective
To aid in clinical assessment of functionally significant coronary artery stenosis, optimal cut points of MBF have been repeatedly evaluated by others. [6] [7] [8] [9] [10] [11] [12] [13] In interpreting the results of such studies, methods used to define lesion-specific inducible ischemia must be considered, given the often disparate physiological implications of luminal stenosis. 14, 15 PET-derived quantitative measures need to be validated with fractional flow reserve (FFR) because it is considered as a gold standard invasive method to define stenosis-specific ischemia and for decision making for revascularization. 16 However, the clinical use of comprehensively evaluating relative PD, stress MBF, and PET-derived coronary flow reserve (CFR) and relative flow reserve (RFR) as determinants of functionally significant coronary artery disease has not been fully investigated, especially for 13 N-ammonia PET ( 13 NH 3 -PET). This investigation was conducted to evaluate the capacities of quantitative 13 NH 3 -PET measures, individually and in combined models, to detect functionally significant stenosis in patients with coronary artery disease.
Methods

Study Populations
Participants in this single-center study were recruited from 2 investigations: 3V FFR-FRIENDS (3-Vessel Fractional Flow Reserve for the Assessment of Total Stenosis Burden and its Clinical Impact in Patients With Coronary Artery Disease, NCT01621438) and IRIS-FFR (Study of the Natural History of FFR Guided Percutaneous Coronary Intervention, NCT01366404). 17, 18 The multinational, multicenter 3V FFR-FRIENDS study called for routine FFR measurement in all 3 major coronary arteries, disregarding degree of stenosis. The multicenter Korean IRIS-FFR registry enrolled consecutive patients subjected to FFR determinations involving any major epicardial coronary artery with >30% angiographic luminal stenosis. Exclusion criteria of both registries included the following: (1) failure to provide written informed consent, (2) depressed left ventricular systolic function (ejection fraction <35%), (3) ST-segment elevation myocardial infarction within 72 hours, (4) previous coronary artery bypass graft surgery, (5) abnormal coronary flow (TIMI flow <3), (6) creatinine level ≥2.0 mg/dL or dependence on dialysis, (7) planned bypass surgery, and (8) failed FFR measurement.
In this study, 130 consecutive patients (307 vessels) with available 13 NH 3 -PET within 3 months of FFR measurement were included. The study protocol was approved by the Institutional Review Board and was conducted in accordance with the Declaration of Helsinki. All patients provided written informed consent before enrollment.
NH 3 -PET Protocol
All 13 NH 3 -PET images were acquired at baseline and in hyperemic states by continuous intravenous infusion of adenosine (140 µg/kg per minute), started 3 minutes before stress scan, using low-dose computed tomography to correct for scatter and attenuation. 19 Each patient was instructed to refrain from any caffeinated or xanthine-containing products for 24 hours before testing. Vasodilators, β-blockers, and calcium channel blockers were also discontinued for 24 hours before PET acquisition. A bolus of 13 N-ammonium (370 MBq) was injected via peripheral vein in resting and in stress states, respectively, and list mode dynamic scan was performed by Siemens Biograph-40 PET/CT scanner (Siemens Medical Solutions, Erlangen, Germany). For image analysis and quantification of resting and stress absolute MBF in milliliters per minute per gram of tissue image acquisition, Carimas software (Turku PET Center, Finland) was used.
Quantification of Absolute MBF and Relative 13 NH 3 -PET Indices
The 6 basal segments in PET images were not quantified because of low counts in membranous interventricular septum and artifacts. A 2-compartment model was applied to quantify absolute MBF (mL/ min per g). PET-derived CFR was calculated as the ratio of stress MBF to resting MBF 20, 21 and RFR, as the ratio of stress MBF in target myocardial territories to that of a reference vascular territory. 22 Parametric stress MBF polar maps were visually referenced to delineate defect areas in target myocardial territories, obtaining MBF values of target vessels in defects only. 23 The averaged stress MBF in 3 segments with highest MBF was used as reference hyperemic MBF. Figure I in the Data Supplement details methods used to calculate RFR.
Invasive Coronary Angiography and Coronary Physiological Measurements
Coronary angiography was performed by standard techniques. Angiographic views were obtained after the administration of intracoronary nitrate (100 or 200 μg). All angiograms were analyzed at a core laboratory (Seoul National University Hospital) in a blinded fashion. Quantitative coronary angiography was performed in optimal projections with a validated software (CAAS II, Pie Medical System, Maastricht, The Netherlands). Percent diameter stenosis (%DS), minimum lumen diameter, reference vessel size, and lesion length were measured.
All coronary physiological measurements were obtained after diagnostic angiography as previously described. 24, 25 In brief, a 5-7Fr guide catheter was used to engage the coronary artery and a pressuretemperature sensor guidewire (St. Jude Medical, St. Paul, MN) was used for physiological measurements. The pressure sensor was positioned at the distal segment of a target vessel, and intracoronary nitrate was administered before each physiological measurement. To induce hyperemia for FFR measurement, continuous infusion of adenosine (140 μg/kg per minute) was used. Hyperemic proximal aortic pressure and distal arterial pressure were obtained during sustained hyperemia, and FFR was calculated by mean distal arterial pressure/ proximal aortic pressure during hyperemia. Index of microcirculatory resistance (IMR) was measured by thermodilution method as previously described. 25 To derive hyperemic mean transit time, a thermodilution curve was obtained by 3 injections of 3 to 4 mL of room temperature saline during sustained hyperemia, and IMR was calculated as distal arterial pressure×transit time during hyperemia. After measurements, the guidewire was pulled back to the guide catheter and the presence of pressure drift was checked.
Cut Points of Invasive Physiological Indices
To define lesion-specific inducible ischemia, cut-off value of FFR ≤0.80 was used as gold standard 26, 27 to assess diagnostic performance of individual measures and combined models from 13 NH 3 -PET. The optimal cut points and diagnostic performance of quantitative 13 NH 3 -PET measures were also analyzed using the cutoff of FFR ≤0.75 as sensitivity analysis. In addition, IMR cut-off value of ≥25 U was used to define microvascular disease as previously described. 28 NH 3 -PET measures for detecting functionally significant stenosis was assessed with sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy on a per-vessel basis. Because previous reports suggested the different diagnostic accuracy of stress MBF according to baseline patients' characteristics, 11, 29 subgroup analyses with the comparison of discriminant ability and diagnostic accuracy of quantitative To determine incremental discriminatory and reclassification capacities of quantitative 13 NH 3 -PET measures in models of lesionspecific ischemia, 4 analytic models were constructed via logistic regression as follows: model 1, relative PD assessed by visual estimation; model 2, model 1+CFR; model 3: model 2+stress MBF; and model 4: model 3+RFR. Respective AUC values were calculated and compared. The reclassification capacity of each model was compared with absolute and relative integrated discrimination improvement, as well as category-free net reclassification index. 31, 32 All probability values were 2-sided, with P<0.05 considered statistically significant. Standard software applications were used, either SPSS v18.0 (SPSS Inc, Chicago, IL) or STATA/SE 12.0 (Stata Corp LP, College Station, TX).
Statistical Analysis
Results
Clinical and Lesion Characteristics of the Study Population and Quantitative 13 NH 3 -PET Measures
A total of 130 patients with 307 stenotic lesions were analyzed. Baseline clinical and lesion characteristics are summarized in Relative flow reserve 0.85±0.11
Stress myocardial blood flow, mL/min per g 2.08±0.55
Resting myocardial blood flow, mL/min per g 0.95±0.24
Values are mean±SD, median (interquartile ranges, 25th-75th), or n (%). FFR indicates fractional flow reserve; and PET, positron emission tomography.
(CFR, stress MBF, and RFR) and FFR. Among all measures quantified, RFR (mean, 0.85±0.11) displayed the highest correlation coefficient (r=0.780, P<0.001). CFR showed significant but modest correlation with FFR (r=0.388, P<0.001; Figure 1 ).
In comparison of quantitative 13 Figure 2 shows optimal cut-off values of stress MBF and CFR that correlated with significant coronary artery stenosis by FFR. At FFR ≤0.80, optimal cut-off value was 1.99 mL/min per g for stress MBF (sensitivity, 78%; specificity, 73%; PPV, 56%; NPV, 88%; accuracy, 74%; Figure 2A ); 2.12 for CFR (sensitivity, 70%; specificity, 66%; PPV, 47%: NPV, 83%; accuracy, 67%; Figure 2B ); and 0.82 for RFR (sensitivity, 83%; specificity, 84%; PPV, 69%; NPV, 92%; accuracy, 83%; Figure 2C ). At FFR ≤0.75, optimal cut points and their diagnostic performances are detailed in Figures 2D through 2F . In comparing discriminatory capacities, all quantitative 13 NH 3 -PET measures surpassed visual assessment Figure 3B . The diagnostic performance of 13 NH 3 -PET measures that correlated with FFR ≤0.75 showed similar results ( Figure 3C and 3D ).
Integrating Quantitative
NH 3 -PET Measures to Define Lesion-Specific Ischemia
The discriminatory and reclassification capacities of our 4 models for lesion-specific inducible ischemia were compared at FFR ≤0.80 and ≤0.75. All models integrating quantitative PET measures showed significantly higher discriminatory function than model 1 (relative PD), regardless of FFR threshold (Figure 4 ). Discriminatory and reclassification capacities improved incrementally with each successive measurement addition, as indicated by integrated discrimination improvement and category-free net reclassification index results (Table 2 ). Model 4 (relative PD+CFR+stress MBF+RFR) significantly outperformed all other models, regardless of FFR threshold (Table 2) .
Diagnostic Performances of Quantitative 13 NH 3 -PET Measures by Subgroup
To explore diagnostic performances of stress MBF, CFR, and RFR across various clinical conditions, exploratory subgroup analyses were performed ( Table 3 ). The diagnostic accuracy of stress MBF was significantly lower in the subgroups of LVH (63% versus 80%, P=0.001), advanced age (72% versus 83%, P=0.030), and high-value IMR (44% versus 76%, P=0.047). CFR showed similar trends with stress MBF, and the diagnostic accuracy of CFR was influenced by sex, LVH, and advanced age. However, the discriminant ability and diagnostic accuracy of RFR were not influenced by the presence of the abovementioned factors, and RFR showed sustained performance across all subgroups (Table 3) .
Sensitivity Analysis of RFR Calculation Methods
In this study, the averaged highest stress MBF in 3 segments of reference vascular territory was used as a denominator to calculate RFR. In addition, the functional significance of target vascular lesions was defined by FFR only, discounting angiographic criteria. Sensitivity analyses were subsequently performed to determine whether diagnostic performance was alterable through other methods of calculating RFR.
On reanalysis of our data, applying the RFR calculation method of Stuijfzand et al, 22 correlation between FFR and RFR (correlation coefficient: 0.78 versus 0.407; P<0.001) and diagnostic performance of RFR to determine low FFR were significantly low (Table I in In addition, the magnitude of correlation between FFR and RFR was higher in patients whose reference segment was assigned as FFR-guided method (FFR ≥0.95), regardless of stenosis degree, than in patients whose reference segment was solely assigned by angiography-guided method (<30% luminal stenosis; correlation coefficient: 0.788 versus 0.708; interaction P<0.001; Figure III 
Discussion
This study evaluated diagnostic performance and optimal cut-off values of quantitative 13 NH 3 -PET measures and reclassification ability of models for detecting functionally significant stenosis defined by FFR. The main findings of the study were as follows: all quantitative 13 NH 3 -PET measures (stress MBF, CFR, and RFR) correlated significantly with FFR (RFR most strongly), and optimal cut points for significant stenosis (at FFR ≤0.80) were established (MBF, 1.99 mL/min per g; CFR, 2.12; and RFR, 0.82). The diagnostic performance of RFR was not influenced by sex, advanced age, LVH, or microvascular disease. All quantitative 13 NH 3 -PET measures proved superior to relative PD assessment in discriminatory capacity, and when fully integrated, significantly improved discriminatory and reclassification capacities of 13 NH 3 -PET in detecting functionally significant coronary artery stenosis.
Optimal Cut Points of Quantitative PET Measures
A major strength of PET is the capability to determine resting and stress MBF in absolute terms. 2, 13 In managing patients with suspected coronary artery disease, optimal thresholds of quantitative PET measures are critical in determining myocardial ischemia or functionally significant coronary artery stenosis. Previous studies evaluated optimal cut-off values of stress MBF and CFR or myocardial flow reserve using reference standard method of anatomic stenosis (by coronary computed tomographic angiography 11 or invasive coronary angiography 6, 8, 11 ), FFR, combination of both tests, 9, 12, 23 or relative PD combined with ST-segment depression and clinical history of angina. 10 It is well known that angiographic determinations of stenosis and related myocardial ischemia often diverge, 15, 18, [33] [34] [35] [36] [37] [38] so interpretation of previous study results must consider the methods used to define lesion-specific ischemia. Such discrepancies may even present in lesions beyond intermediate-range severity. 39 The RIPCORD study (Does Routine Pressure Wire Assessment Influence Management Strategy at Coronary Angiography for Diagnosis of Chest Pain) showed that ≈13% of lesions with <30% luminal stenosis corresponded with FFR values of <0.80, and in 47% of lesions with >70% stenosis, FFR values were ≥0.80.
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Previous studies have indicated an optimal threshold of stress MBF in the range of 1.86 to 2.5 mL/min per g in defining significant coronary artery stenosis. [9] [10] [11] [12] 22, 23 Optimal cut points of stress MBF and CFR in this study were 1.84 mL/min per g and 2.0, respectively, at FFR ≤0.75 and 1.99 mL/min per g and 2.12, respectively, at FFR ≤0.80. Any disparities may be attributed to differences in methodologies, differing study populations, variations in inducing hyperemia, and different PET tracers among studies. Recently, Danad et al 23 O PET and found that the optimal cut-off value of stress MBF was 2.3 mL/min per g and that of myocardial flow reserve, 2.5 to detect obstructive stenosis. In their study, obstructive stenosis was defined by the angiographic stenosis severity and FFR, and ≈50% of target lesions were classified into obstructive or nonobstructive lesions solely based on angiographic stenosis severity without FFR values. 23 In addition, FFR determinations were generally obtained by bolus intracoronary injection of adenosine (81%). In our study, only the vessels interrogated by FFR were analyzed and all FFR was measured with intravenous adenosine infusion, which was the same hyperemia induction method during the acquisition of 13 NH 3 -PET images. In addition, it should be acknowledged that the difference in the cut-off value of PET-derived CFR and stress MBF exists between this study and the previous report of Johnson and Gould. 10 In that study, definite ischemia was defined as a significant perfusion defect and either or both of the significant ST-segment depression during dipyridamole hyperemia or severe angina requiring pharmacological intervention. Therefore, the cut-off values of PET-derived CFR and stress MBF were much lower (PET-derived CFR, 1.74; stress MBF, 0.91 mL/min per g) than those of a current study. Because the main purpose of this study was to guide practical utilization of PET to expect the presence of lesions with FFR of ≤0.80 or 0.75, the clinical threshold of FFR was used per the recommendations of the current practice guidelines. 16, 40 
Superior Discriminatory Function and Diagnostic Accuracy of Quantitative PET Measures
Our analysis indicated that discriminatory function of all quantitative PET measures exceeded that of relative PD assessment. In addition, discriminatory function improved incrementally through stepwise addition of CFR, stress MBF, and RFR to relative PD. These results are aligned with previous studies, confirming superior discriminatory capacity and diagnostic accuracy of quantitative measures, compared with visual assessment of relative PD, and higher discriminatory function of stress MBF versus CFR. 8, 9, 11, 22, 23 Our data also showed that RFR performed significantly better than stress MBF and CFR in this regard. Previously, Stuijfzand et al 22 reported only a trend toward slight improvement in diagnostic accuracy in comparing RFR with stress MBF (AUC: 0.82 versus 0.76; P=0.32) or CFR (AUC: 0.82 versus 0.72, P=0.08). Various factors, such as study population differences, distribution of lesion severity, definition of reference segments, and RFR calculation methodology, may account for this discrepancy. On reanalysis of our data using the method of Stuijfzand et al, 22 the discriminatory capacity of RFR for functionally significant lesions was significantly lower (Table I in the Data Supplement).
Comprehensive Integration of Quantitative PET Measures to Define Ischemia or Functionally Significant Stenosis
In the context of effective medical resource utilization, the avoidance of unnecessary invasive procedures and revascularization and the identification of those patients who truly require invasive coronary angiography are critical. Noninvasive diagnostics with gatekeeper potential are, thus, advantageous. However, it has been reported that ≈60% of patients referred for invasive coronary angiography, due to suspicions raised by positive noninvasive tests, have no obstructive coronary artery disease. 41 Consequently, diagnostic performance is a key issue in noninvasive testing of patients who are likely to need invasive procedures and revascularization.
As shown by our findings, comprehensive integration of quantitative 13 NH 3 -PET measures may well improve diagnostic performance in this setting, helping to differentiate micro-and macrovascular pathology in instances of suspected ischemic heart disease. Although NPVs of stress MBF and CFR in this study were high with respect to low FFR values (regardless of FFR threshold), corresponding PPVs were only 35% to 61% on a per-vessel analysis, similar to results of previous studies. 23, 42 This implies that high-value MBF or CFR excludes the presence of functionally significant stenosis, whereas low stress MBF or CFR does not necessarily reflect significant epicardial coronary artery stenosis. It may be that stress MBF or CFR assessments by 13 NH 3 -PET are determined by both macro-and microvasculature, 42, 43 which our subgroup analysis supports. In patients with known risk factors for microvascular disease (female sex, LVH, or advanced age) [44] [45] [46] or with high IMR, the diagnostic accuracy of stress MBF or CFR for low FFR is significantly reduced. As Johnson and Gould 43 suggested, the discordance among multiple physiological indices, such as FFR, CFR, or stress MBF, shows the importance of comprehensive physiological assessment to better understand the heterogeneous mechanism of ischemic heart disease in each patient. In this regard, those with low RFR are more likely to have functionally significant focal stenosis requiring revascularization, and those with high RFR and low stress MBF or CFR may have microvascular disease or predominantly diffuse atherosclerotic narrowing, rather than focal stenosis ( Figure 5 ).
Limitations
This study involved several limitations. First, PET segmentation by vascular territory is influenced by individual variations in coronary anatomy. In addition, present results are not applicable to other PET flow tracers, given inherent differences in kinetic properties. Second, microvascular disease was not assessed in all patients, nor was the possibility of endothelial dysfunction or vasospasm evaluated. Third, although previous studies consistently presented better diagnostic performance of PET compared with other noninvasive modalities, distinct limitations of PET are relatively high cost and limited availability. Fourth, it should be noted that there have been numerous studies representing the discordance between FFR and CFR, regardless of methodologies, such as invasively measured CFR or noninvasively measured-CFR by PET, cardiac MR, myocardial contrast echocardiography or contrast CT. 42 Like those studies, the correlations between FFR and invasively measured CFR (r=0.364, P<0.001) and between FFR and PET-derived CFR (r=0.384, P<0.001) were modest in our study. Although we focused on the association of PET-derived measures with FFR, the discrepancy between pressure-derived and flowderived measures, as well as the limitations of FFR, 13, 47 need to be considered in the definition of myocardial ischemia. Fifth, although most of the previous PET studies used intravenous infusion of adenosine as a hyperemic agent, 4,22,23 the possible confounding effect of decreased driving pressure by adenosine infusion on coronary flow needs to be considered. However, the mean decrease in aortic pressure during hyperemia in this study was 4.0±9.3 mm Hg. When we reanalyzed the comparison of models with PET measures after the exclusion of patients with subnormal hyperemic aortic pressure (hyperemic aortic pressure <90 mm Hg, n=120), the results showed the same trend as the original one ( Figure IV in the Data Supplement). Finally, this study presented the optimal cut points obtained through receiver-operating characteristic curve analysis and Youden index. These cut points should be interpreted as optimal values in the context of maximizing the sum of sensitivity and specificity and are not necessarily the most beneficial cut points because it does not account for the relative costs of a false-positive versus false-negative ratios.
Conclusions
Comprehensive integration of quantitative 13 NH 3 -PET measures with qualitative assessment of relative PD improves diagnostic performance and reclassification capacity to detect functionally significant coronary artery stenosis.
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